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PREFACE

The work reported here results from a collaboration
between experimental neurophysiologists and mathematical
and computer specialists, concerned with the statistical
analysis and interpretation of trains of impulses obtained
from individual nerve cells. O0f the authors, Donald H.
Perkel is at The RAND Corporation, and is a consulting
member of the Brain Research Institute, University of
California at Los Angeles; George L. Gerstein is with the
Department of Biophysics (Johnson Research Foundation)
and the Department of Physiology, School of Medicine,
University of Pennsylvania; George P. Moore is with the
Departments of Physiology and Engineering and the Brain
Research Institute, University of California at Los
Angeles, and is a consultant to The RAND Corporation.

This research has been supported by U.S. Air Force
Project RAND, by the National Institutes of Health, through
grants GM—09608, NB—06372, and NB—05606, and by the
National Science Foundation, through grant G—-21497.

Mathematical studies and computer modeling of neural
systems are a part of the Project RAND research directed
towarq the better understanding of information processing

in nervous systems.

The contents of t

for publication in the Biophysical Journal, and are

scheduled to appear in Vol. 7, No. 4 (July 1967).






SUMMARY

The train of impulses ("“spikes") produced by a nerve
cell is, in a growing class of neurophysiological experi-
ments, subjected to statistical treatment in which the time
intervals between spikes play an essential role. The
statistical analysis of spike trains is developed here in
terms of the underlying theory of stochastic point processes,
i.e., of stochastic processes whose realizations may be
described as seriles of point events occurring in time,
separated by random intervals. It is intended to describe
the principal techniques available in a fairly systematic
fashion and to relate them to the underlying theory. Most
of the computational techniques discussed have been reported
in the 1iterature; SOome are new.

For single stationary spike trains, several orders of
complexity of statistical treatment are outlined; the most
important distinction is that made between those statistical
measures that depend in an essential way on the serigl order
of interspike intervals and those that are order-independent.
The inter?elations among the several types of calculations

are shown, and an attempt is made to ameliorate the current

1iomenclatural confusion in this field

- S

interpretation of these statistical results are discussed,
and some potential difficulties are outlined. Next, the
related analysis is discussed for experiments in which a

brief isolated stimulus is presented repeatedly.
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The analysis of two simultaneously observed

that arises is whether the observed trains are 1ndependent'-m-;7
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esis are developed around the notlon that ‘under the. nuﬁi uﬁﬁ

P

hypothesis, the times of spike occurrence 1n one train-“‘

train. If the null hypothe51s is PGJGCtGd“-lf dependence3;1:—3ﬁm

el t-h" ;“--;-II- -;'
is attributed to the trains--the subsequent problems are-- fvnr;:ﬁv
- o= - - malaa

those of characterizing the nature and source of the ob~
served dependencies. These are discussed, largely by

el i
:

means of illustrations drawn from computer simulations

of interacting neurons. The combination of repetitive

stimulation and simultaneous recording from two (or

more) neurons is shown to give more detailed clues as

i
;_'

to possible interactions among the monitored neurons;

s, nan

the theory that is developed is 111ustrated by an appli-jmT'““_

ke e

Finally, the effects of nonstatlonarity-—e g.; long—
term changes in firing rate--on the ‘various statistical-- -

measures are discussed. The severity of the effects of

At o wa om oms s il

rate changes on single spike-train statistiGS“depends " T.ﬂm.?“

strongly on the "inherent" variability of the interspiken-J;t:Lr
s

intervals; regularly firing (“pacemaker') neurons are much

more sensitive to accelerations and deceleratlons than are —

more irregularly firing cells. For two-train comparisons, Sl

~y
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inherent difficulties that arise for pacemaker-like neurons
even when stationary are exacerbated by shared rate changes.
For nonpacemaker cells, however, the detection and measure-
ment of dependency is significantly impaired only if the

nonstationarities are fairly severe, and hence readily

apparent in the individual spike-train data.
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NEURONAL SPIKE TRAINS AND STOCHASTIC
POINT PROCESSES

INTRODUCTION

Motivation

A neuronal spike train is the sequence of nerve
impulses, or action potentials, produced by a neuron,
typically observed over a relatively long period of time.
The analysis of spike trains has been of increasing
interest to neuroephysiologists in recent years, stimulated,

no doubt, by wide availability of au
equipment. Spike~train analysis differs from '“classical"
electrophysiological methods in that the raw data of

interest are not precise voltage measurements, but rather
precise measurements of times of occurrence of events.

From these essentlally temporal data, statistical descriptions
are obtained of the output behavior of neurons, from which
inferences may be made, in turn, with regard to certain
specific types of basic neurophysiological questions. It

is not our intention to pursue the questions of interpretation
and inference in the present paper (for a recent review,

see Moore, Perkel & Segundo, 1966), but rather to present

in systematic fashion the statistical techniques of spike-
train analysis, and in particular to point out some of the

relevant mathematical assumptions and relationships under-

lying the computational techniques.
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Methodological considerations, however, must not be
iscolated from inferential and intérpretatibnal questions;s
we have tried to discuss the computatiogal techniques

‘Our principal working assumptions, as stated in the study

mentioned above (Moore, Perkel & Segundo, 1966), are "(a)
that there is an enormous wealth of information about'the o 5 vend

SR o

structure and function of the nervous system which can he : I %

derived from careful study of the detailed timings of .spike . 2]
events; (b) that analysis of these signals can shed light
on mechanisms of spike production within the observed cell,

on the presynaptic input to the cell,.aad,onsthe mechaniﬁﬁﬁ:h

by which the latter is transformed into a pQStsynaptig”
output; and (c) that observation of multipls uﬁits_cin;
reveal details of interconnections and fUnctionaI-inﬁér
actions ... [and] the appreciation that neuronal'pxacsésgsi
at all levels involve a probabilistic elementiﬁhiékAmﬁSﬁfiif;
be adequately incorporated if quantitative hypotheses or
models of neuronal functions are to be valid. Finﬁlly, it

is held that only the more detailed analyses of spike
timings are appropriate to any quantitative theory of

information processing by the nervous system." .

Spike-train analysis is applied at several differemnt

levels of interpretation, and it is the level of interpy

tation that largely dictates the choice and depth of

statistical techniques for processing of the data. At




one level, the statistical measures of the spike train
provide a relatively concise characterization of the output
of the neuron, which may be used for description, comparison,

Sl T o d LI et e
dalll ClaoslllGadalLllUll UL

ierve cells. A
train statistics of a neuron may afford insight into the
internal mechanisms underlying spike production; of particu-
lar importance here is the comparison of models of spike-
production mechanisms, which is typically effected through
comparison of the corresponding spike-train statistics.
In interneuronal analysis, simultaneously recorded spike
trains are compared statistically to reveal information
concerning possible connections between neurons, shared
sources of activity, responses to stimuli
input-output relations. It is in the comparison of neuronal
spike trains, however, that we believe the greatest promise
of these techniques to lie, despite the greater incursion
of mathematical difficulties when compared with single-
train analysis.

In summarizing currently used techniques of spike-
train analysis, we are further prompted by our feeling
that these computational techniques have lacked adequate
theoretical underpinning, which has resulted in (a) incon-
sistency of nomenclature and notation in this field, (b)
difficulties, not always well enough appreciated, in

assigning measures of statistical significance to experi-

mental findings, (c) presentations of experimental data
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in several forms that are in fact mathematically deriviﬁl&fvﬁﬁlf g
from each other, and (d) the risk of attributing - particular '
physiological significance to resslts that illusﬁrate :
purely mathematical theorems or that are mers plausibly I--i
attributable to chance effects. With the advent of ths

high-speed electronic digital computer, it has beaoms

feasible to perform on a routine basis the lengthy compsg |
tations required for spike-train analysis; it is our L
feeling that in relating these computations to the under--

lying mathematical (i.e., probabilistic and statistical)

theory, the potential usefulness of these techniques wfii

be enhanced.

Basic Terminology and Scope

In every instance in which a detailed 6xamination?1éf

made of the timing'of neuronal events, we are forced tdfﬂf

realize that a certain degree of unpredictability or

randomness is present in the underlying proéess. fbfgs
purposes we can afford to overlook this aspecﬁ‘of theg
record, but for other purposes, and in pafticuiar ;ﬁss
we focus on here, the'question of intsrest,'and'in&aé&;”m
. source of greatest information about the process bsing
observed, is the variability and randomnsss of she ép{‘é“’
train, | | | e

This very property forces us to describe the spike f;
train in statistical terms, and to view the processes e

underlying it either as inherently probabilistic or as f”fﬁ




sufficiently complex that we can best and most simply
treat them in probabilistic terms. Processes of this type

are commonly referred to as stochastic processes. Indeed,

the transfer and processing of information in nervous
systems may be viewed as a repeated alternation, in time
and space, of two different types of stochastic processes.
The first type is characteristic of the continuous intra-
neuronal fluctuations in significant state variables of
each neuron. Typically, a state variable might be the
membraqe potential as observed at the primary spike-

hea 1mtndarl o n
a mOdel Of tasc VLHWMCL Ly Lilig

might be described as a complicated type of random walk,

with continuous time and "“"displacement' variables. The
second type of stochastic process, which is the primary
concern of this paper, arises in the study of the times

of occurrence of interneuronally transmitted action

potentials, i.e., the spike train, as commonly observed

= ="

with eith Xtracellular or intracellular microelectrodes.

with
Because of our "all-or-none'" conception of the nerve

impulse, each spike is regarded as indistinguishable from

the others produced by the same neuron. Furthermore, with

each spike can be associated a unique instant of time,

e.g., the time of maximum excursion of electrical potential,
which can be measured with a high degree of precision.

By virtue of the assumed indistinguishability* and instantaneity

of the individual spike events, the stochastic process

*I.e., They are distinguishable only by where they occur
in time.
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characterizing the spike train can be considered an

example of a stochastic point process..‘This process

occurs in one dimension, cofresponding.té'the time axis. ;“%;

_3, -

In any point process, in which all “events" (spi
for example) are indistinguishable exéept‘for tﬁeif f;mﬁs':'  - -
of occurrence, it is the elapsed times between'eventéf(é.g.,
the interspike “intervals) that exhibit the prépértieéjof ,_;:
random variables. These intervals are regarded as béiﬁ# -
drawn (not necessarily independently) from an un&éri&iﬂ&w_
probability distribution; if that distribution, together .
with its parameters, does not vary with time of obser= m

vation, the stochastic point process is statiomary.® A

sample from a ‘stationary point process might bé approximated,

for example, by a spike train from a spontaneocusly firing

neuron, or from a neuron well adapted to a steady stimulus.
A monotonic trend in the firing rate or other péféﬁéﬁéﬁiﬁé
one of the many features of a spike train that m§y p?§§£§;é
its characterization as stationary. | | -
In most of this paper, spike tréins will be_coﬁside;éd
as realizations of‘statioﬁary pbint processes (exCept fo§ .

local effects due to stimulation). We cover first the

= ~*Strictly speaking, stationarity is defined in terms 7"
of the invariance under translation in time of the joint
distribution of numbers of events in fixed intervals of
time (Cox & Miller, 1965, pp. 339-340; Cox & Lewis, 1966, _
p. 59). An equivalent definition in terms of intexrval =~ T
distributions is difficult to formulate rigorously, mainly
because of the complications introduced by the choice of
the starting point for describing the process.
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problems of description and interpretation as encountered
with a single neuron exhibiting spontaneous or well-adapted
activity. Next we consider the effects on a spike train

of isolated, repeated presentations of‘a stimulus. Then
we.discuss the aﬁalyéis of two simultaneously recorded
spike trains, in the absence and in the presence of
repetitive stimulation. Finally, we consider the effects
of nonstationarity on the statistical measures described
for stationary processes. The presentation is illustrated
with.examples drawn both from animal experiments and from

digital-computer simulations (Perkel, 1965).



THE SINGLE SPIKE TRAIN:

Stochastic Point ProcesseS' Basic Nomenclature

stochastic process "whose realizations conSist of a seriest?‘:“'”

- o w-
‘e

of point events" (Cox & Miller, 1965) The point events .
(except for position in time), for neuronal spikes, there—' i
fore we con81der, for example, the time corresponding to

the maximum of the observed action potential to he the

time of occurrence, and we 1gnore all other charaeter”% .09

of the spike, such as duration, amplitude, undershoot ete.

Ll

In a stationary point process, the underlying probability “:

distributions governing the times of occurrence of the poiq;l .

events do not vary with respect to an arbitrarf-tfenslﬁtidﬁ“'mgu

. * -
of the time axis, Therefore, accelerations and decelerations

in firing rates, and effects such as fatigue and adaptdtibn;‘nﬂ
disqualify spike trains from acceptance‘as‘realizations ofd
stationary point processes. We consider the detection of

nonstationarity and its'effects;~if~present, in the final

gsection of this paper. For a spike train observed in the

absence of repetitive stimulation, the assumption of statmon—
arity means, in a practical sense, a neuron that does‘qpt

display any apparent trend in firing rate, ‘and whose '“‘mode"™ - =

*A more explicit definition is given by Cox & Lewis ~—
(1566), p. 59, .



of firing does not exhibit any significant shift from one
portion of the record to another.
One important class of stationary point processes,

known as renewal processes, has the property that the

lengths of intervals between events are statistically
independent.* Nueronal spike trains rarely satisfy this
requirement completely; even those spike trains that can
adequately be described as stationary often exhibit serial
dependence among interspike intervals.
Many results first established in renewal theory
have subsequently been generalized to nonrenewal stationary
point processes (McFadden, 1962), and in some cases even
to nonstationary processes. The terminology of renewal
theory, however, has been retained because of its intuitive
'appeal, and we use it here. Another set of metaphors more
appropriate to neuron firings could easily be substituted.
The Poisson, the Erlang, and the Weibull processes
are some of the most commonly encountered renewal processes
with particularly simple properties. These are discussed
amply in the liter
to the description of certain classes of neuronal spike

trains. Most spike trains with independent interval lengths,

* . . . .
A renewal process is stationary only if observation
begins at a random instant in time, in which case the

nnnnn 1T Funam Fhod+d dnctant +n +ha Ffinret avent hoo o AdAiffor-
J-l.llvcl. Val 1L4iVil Lilaié illouvdll e LD LAl D L TVYTIlu LAY & UiiLiva

ent distribution from that of subsequent interevent intervals
(Cox, 1962). We will assume this condition when discussing
renewal processes.
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however, do not fall into any of these mathematically

attractive classes.

In the following sections we deScribe‘sbmslaf the™ ._Lri

easures Of spike= wwmuaui

i

most important and useful staiisfieal

train properties.

Order—independent Statistical Measures

For both renewal and nonrenewal stationary point

ing the process.' For a renewal process, In-fact,_th&&_

distribution of intervals completely characteri#ss‘fﬁﬁ ' e

process. For finite samples of data, such as an obsefvﬁdﬁ'

neuronal spike train, the interspike-interval histogram L

serves as an estimator of the “actual" probability ﬂens%ﬁy'
functlon (pdf)
To construct it, the range of observed interval

lengths is customarily divided intoc bins of eaual Width 5'-

if the ith observed 1nterspike 1nterva1 T satisfies the

1neQUa11ties _ B ”“F'L;L. 2l
(1) (3 - 18 < Ty < 395,
then that interval is placed in bin j of the histogramQ:fm "_;Em

The bins are thus numbere

Qh
Joud
-

]

+ ‘- L Jlt Lettins L‘j
designate the number of intervals placed in bin j in an

observation of N intervals (i.e., N+ 1 spikes), then the
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ratios Nj/N are a smoothed estimate of the pdf f£(r); i.e.,

they estimate the corresponding integrals

jb
(2) NN~ [ £(1) dr.
J (i-1)5
" This quantity is the probability that the duration of a
randomly chosen interval lies between (j — 1)8 and jb.
The estimator for the average value of the pdf within the

bin is given by

7~
(W]
S’
Fh

Although N interval measurements are used in estimating
the usual population parameters such as mean, variance; etc.;
it is only for a renewal process that the N observations are
independent. Measures of precision assigned to these esti-
mates 5y the standard formulas may be misleading if the
process is not a renewal.

For both renewal and nbnrenewal processes, there are
several functions completely equivalent mathematically to
the pdf f(r) or its estimator fj (Cox, 1962, pp. 2-7).

These are illustrated in Fig. 1. One of these, the

(cumulative) distribution function,

(4a) F(t) = I; £(t) dt = prob (T < 7),
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is estimated by the empirical distribution function -
3

(4b) F, = ) £6
=1

and, in neurophy51olog1cal terms, measures the probability ;«

that a neuron will have fired by time T from the last firing Bt
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Fig. 1

Equivalent form of the interspike-interval distribution.
a-c¢, interspike interval histogram (estimate of the pdf).
d-f, survivor function. g-i, hazard function. a, d, g
drawn from a '"pacemaker neuron": independently normally
distributed intervals with mean 100 msec and standard
deviation 5 msec. b, e, h from a Poisson process with
mean interval 10 msec, conditioned by a normally distri-
buted dead time (refractory period) with mean 10 msec,
standard deviation 2 msec. ¢, f, i from a log-normal
distribution, with pdf x—1(2na)-% exp {-[log (px)]z/(2a)],

1

with p = 27.2 sec ~ and @ = 2. Each sample contains

approximately 2000 intervals.
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The survivor function, the complement of F(r), or

(5) F(t) =1 - F(r) =prob (T > 1),

is the probability that the neuron will not have fired by
time T.

A third function, the hazard function, measures (in

the terminology of renewals) the instantaneous risk of
failure of a component known to be of age 7. It is given

by

(6) o(t) = £(7)/F(7) = £(r)/[1 - F(m)].

In the neurophysiological context, the quantity o(T) AT is
the probability that a neuron will fire during the time
interval AT, given that it has not fired prior to the time -.
This function is called the "'age—specific failure rate' by
Cox (1962). In the neurophysiological literature, it is

denoted as c¢(x) by Poggio & Viernstein (1964), and called

i

the same function

by them the 'postimpulse probability"

e

1]

H s
called "conditional probability' by Goldberg et al. (1964).
It is also denoted as A(x) by McGill (1963), who points

out some earlier synonyms for the same function: 'IRT/OPS,"
"conditional density function," and "hazard function."

For a Poisson process the hazard function is a constant

(Fig. 1b, bottom). Other processes display positive or



neurons, for example, characterlstlcally dlsplay positiﬁq““

l.
+ s it

an increased "hazard" of firing as a functiaﬁ:ﬁ*

gy

|
—

€.

H

long-tailed distributions,_such as those obtained for °

some neurons in the auditory system (Gerstein & Msmdfe11::.1"0'!:,,_-__':__L--»a-al

- J-:nm.
SIS wp—

1964), display negative ageing (Fig. lc, bottom}. Note ” : B

that the estimate of the hazard function loses preQ%$f

Summaries of the interspike—interval distriuuti n ar =
furnished by various scalar quantities; estlmation of these ““1,

data from any other source. Useful quantities are the mean
interval u, the interval variance 02, the standard deviatiom - - =

g, and the coefficient of variation o/u. The mean firing

rate P is defined as the reciprocal of the mean interva

and c

for describing a

S

~

Order—dependent Statistical Measures

It is of considerable neurophysiological interest-t
determine whether or not successive interspike 1ntervals are
independent in the statistical sense, i.e., whether or not

the spike train can be described as a realization of a
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renewal process. Cox and Lewis (1966, pp. 164-171) discuss
two classes of tests for independence of intervais, one

based on sample serial correlation coefficients, and the

state that "this is a difficult problem because the null
hypothesis is very broad and the alternatives usually not

at all clearly specified, and also because the associated

distribution problems are hard.'" Moreover, if the intervals
are not independent, such tests offer little information

about the type of dependence, and they have so far found
little application in spike—train analysis.

Aside from their-use in hypothesis testing, certain
statistical measures have been used to describe and quantify
serial dependence among interspike intervals. We call

these measure order—dependent, in order to distinguish them

o) ey - 1

rom those based solely on the interspike—interval distribu—
tion, discussed above. The methods of spectral analysis,
recommended by Cox and Lewis (1966; see also Bartlett, 1963),
have not been used for analyzing spike—interval data, but
their potential utility deserves extensive investigation.

Serial correlation coefficients are statistics based on

joint distributions of intervals, and another set of measures

s based on intervals between nonadjacent spikes. We describe

e

here the latter two classes of techniques.

Use of the joint interval density for spike-

train analysis was introduced by Rodieck, Kiang &
Gerstein (1962). The data are displayed in the form

of a scatter diagram, in which the length of an
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interspike interval is-represented by_the_absg;ss#{l;

length of the next interval in the record by thect

Each p01nt on the dlagram then represents a pair ot_ﬂﬁ

i -.-i.:u.
-

intervals. An alternate form 1s the matrlx equlvalen 4

L e s U S

Smith & Smith (1965). If succe331ve 1ntervals are indmngnﬂunti

o B m—um

distributed, then the normallzed frequency dlstribUtion aianur:

the ordinate is the same for each abscrssa value, and vice

versa. This implies that the corresponding rowﬂah&XCOlumn

means in the corresponding joint interval histegram have &

constant expected value. An observed constency of row and e

column means, which is a necessary condition fqr independence-'ffr
of adjacent intervals, has in practice been used asﬁéteufficientri
test. Departures from independence are reflected not only in -
these means but also in the symmetries of the scatter diagram =

itself. For example, an overall "upward" trend in'the joint- 0

interval scatter diagram (as illustrated in Fig. 7 ofLr

Rodieck et al. (1962), units 261-1, R-4-10, and 240-1)
indicates positive correlations between successive intervelas
This means, loosely, that short intervals tend to be fuiiawu
by short ones, and long intervals by long ones. A “dewaward‘
trend would imply negative serial correlation. The uneqﬁ;f
related case is illustrated by unit 259-2, in the same Flgu
The corresponding row and column means are shown in Fi@#iﬁﬁ
of the same work. |

A gquantitative measure of such correlation is furnished = -

by the serial correlation coefficient of interval lengthe,
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which is defined as follows: We define the covariance of

interval lengths, of lag j, by
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where Ti is the ith interspike interval in an (infinite)
stationary train of spikes, with mean interval u and variance
n2_ Then the serial correlation coefficient Py of order j

ot

is the ratio of the corresponding covariance to the interval

variance:

(8) by = Cj/cz.

In a finite sample, the mean u and the variance cz must
be estimated from the sample data. To avoid the slight
bias introduced by use of sample mean and variance to
estimate the corresponding population parameters, more
complicated formulas are suggested by Cox and Lewis
t1966, pp. 89-92).

The seriél correlation coefficient of lag 1 furnishes a
single scalar quantity as a summary of the entire diagram of
ution of lag 1. Joint interval
distributions of larger lags (i.e., for nonadjacent intervals)
have not been used in the analysis of spike trains; the cor-
responding serial correlation coefficients, however, have been

used extensively. The set of serial correlation coefficients is
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usually called the serial correlogram; it

(e.g., in Hagiwara,

or "autocorrelation,” terms that we reserveﬁfor a dlfferemtﬂ:;;

""“IIIIII
functlon (see below). T
I'I"|‘I.-. expec dmm A xralarn £ +ha aatrtal nnvtvra"l =3 AT
1ilE Capco tea vaLrue or tne seria.s UL L A LWL

a
L LT Y uﬁmli&maﬂ
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of all orders (lags) is approximateiy'zeroeif the intenvqhgrxﬁg

— A

arise from a (stationary) renewal pfocess, i.e., if the

intervals are drawn 1ndependent1y from a common dlstrihutia o

DARAS b == B
| i | o T bty
B
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For large N, fer a renewal process, the quantlty 0. /(N -e&g:

has a unit normal distribution. However, the distribution" ofwu-—ﬂ

the sample serial correlation coefficient is not known for _f

small samples, and the sample coefflclents ef various lags L e

I R T

ammyna iy

et 1y

are correlated for moderate sized samples (Cox & Lewis, 1966, o

n o
 mmmae am 1 E

p. 165). No test of independence of intervals is known wpigg;fo

is based jointly on several serial correlation coefficiengs .

(P. A. W. Lewis, private communicatioe). | ;
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of lntersplke lntervals to random shuffling which destroys

et

serial dependence but preserves the order-independent statiatidEE

of the sample. Shuffling thus converts the sample to one

from the cerresponding renewel process. ‘The recomputed

Pl vie |

ser}.a]. corre].ogram ror tl‘le Stl.uIIJ.ECl traln prov:l.ues a CQI'I.CIOL .Z

— i
R Y

tions. The net departure may be measured for example, by s

'the sum of squares of the coeff1c1ents In principle, the R

i 30 AR LS

shuffllng and recemputatlen can be repeated at length, to o
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provide an empirical sampling distribution of the sum of
squares under the null hypothesis of serial independence.
From this distribution, tests of the independence hypothesis
for the unshuffled data can readily be constructed. This

kind o

Hh

procedure is discussed by Cox & Lewis (1966,

mm ;s de oo e d R . «d a1 ‘n
ad a Periuialplull LeEDL UL Dl ddl CVLLTLG

S

p.- 163
refinement discussed there is to replace the observed
interval values by ranks or exponential scores. In this
way the sampling distribution can be computed once and
for all for a given sample size,

The most frequently encountered source of positive
contributions to the serial correlation coefficients is
a long~term trend in the data; a sufficiently great monotonic
increase or decrease in the firing rate over the time of

wra 11 s e
WAL LWL UL L

bute a positive component t
serial correlation coefficient, out to lags of arbitrarily
high order. Monotonic trends, of course, are a form of
nonstationarity; they are discussed further in a subsequent
section.

In a stationary point process that is not a renewal
process, the serial correlogram furnishes indications as
to the nature of departure from independence among intervals.

Local trends in firing rate will introduce positive contri-

to the lower lag values (Hagiwara, 1949; Junge & Moore,

1966) . Cyclic variations in firing rate, for example,
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produce a damped oscillation in the serial eerrelogram,"-Lfa B
which starts at positive values. Somewhat similar oscil-
lations are produced by fairly regular occurring . bursts o

of spikes, as exemplified by medullary respiratory neurons.. - -

Irregular bursts of spikes, such as have been described

by Smith & Smith {(1965), are characterized by positiv

negative and then_zero correlation coefficients-1531£§ﬁ#5

gives a strongly negative first serial correlation coeffici&

with subsequent alternation in sign of the coefficients of i
higher order. Other types of patterned activity have e
corresponding signatures in the serial correlogram. Some TE;“

examples, from computer simulations, are illustrated in 33
Fig. 2.

It must be emphasized that both the joint in#erval
histogfam and the serial correlogram mﬁst beinfefhreted
with caution, and in conjunction with otherlstatigtical
measures. The positive contribution to 1ow—order correlationum

coefficients due to local or global trends in firing rate

may mask any negative correlation between adjacent 1ntervals
that would otherwise be apparent. Segmentation of th& dlta o

may clarlfy this situation, but at the expense, of coarﬁe,

of statistical reliability. A gap in the record, whieh
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Fig. 2.

Typical serial correlograms. a. Independent intervals
drawn from a Weibull distribution, with pdf aP(Px)a—l exp —(Px)a;
p =15 sechl, a = 0.6, 2161 spikes. b. Simulated neuron
producing irregular bursts. Resting level of membrane
potential =70 mv, reset to —100 mv after a spike; exponential
recovery with decay constant of 6.93 secnl. Asymptotic
threshold —40 mv, reset to —20 mv after a spike; exponential

recovery with decay constant 3.47 secﬂl. Two input channels

2.0/sec, the other with mean firing rate 2.1/sec; standard
deviation of intervals 3% of mean. Cell fires with mean
interval 2.6 sec, standard deviation 2.9 sec, with sample of
389 spikes. ¢. Simulated neuron producing more regular
bursts. Similar to case b, but with standard deviation of
intervals in input channels 0.6% of respective means. Cell
fires in bursts of four or five spikes; interspike intervals
within bursts 0.5 to 1.0 sec; bursts start at intervals of
approximately 10 sec. Sample of 424 spikes has mean interval
2.4 sec, standard deviation 2.8 sec. d. Decelerating train.
Intervals drawn from a time—dependent normal distribution
with u(t) = 0.1 - 0.02 e—'Olt sec, g = 0.01 sec. Sample

of 2447 spikes. e. Alternation between long and short
interval lengths. Intervals drawn alternately from distribu-

tion with mean 0.11 sec and from distribution with mean

0.09 sec, each with standard deviation 0.015 sec. 5000 spikes.
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introduces an exceptionally long interval, may grossly
affect the interval variance and seriously distort the
seryial correlogram; this effecp is most pronounced in
pacemaker neurons (small coefficient of variation of
intervals). On the other hand, effects of trends and gaps
on the serial correlogram are much less pronounced in data
with a large inherent variability (large coefficient of
variation), such as a Poisson process with a time-varying
rate parameter, or neurons with highly irregular firing
times. It is important to measure and correct for these
distorting effects since significant information about the
physiology of the neuron--such as refractory effects,
persistence of synaptic effects, etc.--may be uncovered
through correlational analysis of successive intervals
(Firth, 1966; Junge & Moore, 1966; Geisler & Goldberg, 1966).
The use of ranks or exponential scores greatly alleviates
the effects of gaps in the record. The use of the estimated
spectrum of intervals overcomes some of the effects of trends.
The tests for independence of intervals based upon the
spectrum of intervals, as described by Cox & Lewis (1966,
pp. 67 et seq.), appear to have been neglected by investi-
gators of spike trains. The estimated spectrum gives a
single test for independence based on all of the data, and
thereby overcomes the obstacles mentioned above to the
interpretation of the serial correlogram. Computation of

the spectrum has been greatly facilitated by a recently
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WAL

devised algorithm (Cooley & Tukey, 1965), which has''l')'eae‘1‘;':-;'};w‘j -
incorporated in a set of computer programs by P. A. w. -
Lewis (Lewis, 1966) for the statistical analysis of series

of events.

Joint interval distributions and the;éortespénﬂiﬁgft
serial correlation coefficients involve time intervdiéw
are defined by two successive spikes. The second class OE
order—dependent statistical measures that we discuss inv9 ves
time intervals between nonsuccessive events. Benoting as m
a first—order interval the elapsed time from an event te_the
next following event, we may define a second—order intervaib;f
as the elapsed time between an event and the'second'foilaﬁ; j "
ing event, etc. An nth-order interval is the sum of n )
consecutive first—order intervals, and is spanned by (n +'1) A
consecutlve spikes (see Fig. 3) e

The probability density of the nthQOrder interval-is-}f~*”””%'
desighated £ (7). The interval demsity for successive“..;.
events is thus the first—order density: fl(T) = f(?);_f ;f .;

In the special case of a renewal process, the higﬁat%i :
order densities may be obtained by successive ccmvo»Zl.l.xt:'.l'i'tfrl;.;a:--‘5
of the first—order density because the intervals are :
independent. Thus, the second—order interval density"isl :

given by the convolution integral

(9a) fZ(T) = IZ E(t)f(r — t) dt,
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Fig. 3.

Higher-order interspike intervals. A first-order
interval is the time difference between adjacent spikes.
A second-order interval lies between a spike and the
second spike following, etc. Note fhat an interval of order

n spans n + 1 spikes. See text.
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and in general we have the recursion

These equations do not apply when successive interval dura-—
tions are not independent.

A related function is the renewal density, h(t), which

specifies the probability of encountering any event as a

function of time after a given event; i.e.,

(10) h(t) = Lim prob {an event in (7, T + A7)
AT=0 _ B
| an event at O}/AT.

C s mammy swrsatad o madtndomamnml smss o= Tam o dlanas dwle o O cn i
wALLILE all VELIL CLICULLILEL EU LiUSsSL DS gL LIICel LllE LlLlsLy,
second, ..., etc., event after the event at time 0, it is

evident that the renewal density is the sum of the interval

densities of all orders:

(11) h(r) = ) £.(7).

—

k=1

This is illustrated in Fig. 4, in which is shown the renewal

density (as estimated by a histogram) from a sample of spike

PUN. S =i
ity ok

computer—simulated neuron; together with it

o]

acti
are displayed the corresponding interval densities of the
first four orders.

In spike—train analysis, the renewal density is often

called the autocorrelation (Gerstein & Kiang, 1960), since
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Fig. 4.

Composition of the autocorrelation (renewal density)

Computer simulated no1sy'pacemaker with 1nh1b1tery synaptic ' ”:

input. Mean interspike interval without inhibition40*47 “.m:;“

sec; Poisson arrivals of IPSP's at mean rate of Aisec; o

maximum hyperpolarization of IPSP's normally distributed

with mean 5 mv, standard deviation 1 mv. Mean lnterspike B

interval O. 54 sec, standard deviation 0.09 sec, 2000 sp¥_es. o

a. Autocorrelation histogram. b. Intersplkemlnterval

histogram. c—f. Second— through flfth—order interval

histograms. See text.




—-43-

AXNKEAXNKT A AN ALK R E XA XN AR EANA NN
HANNX XA AR AR KRN XR LA AR LA LR A XK NN
EXAXNKX AR X XA MUK AN KN A NN X NN AN KANAAAN
HANRN N NARANXNA XX XU RN WA X (KX LA R WA
EANHHAAA NN AN N XA KA LLR ANAA NN NN MR MAN RN
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if the spike train is regarded as a signal of zero amplitude
everywhere except where a spike is present, and if each spike
is represented as a Dirac delta function, then the renewal
density corresponds to the autocorrelation as ordinarily
defined for continuous signals. 1In the usage of Cox & Lewis
(1966), the renewal density is one of a class of "intensity

functions." Another synonym that has gained some currency is

e iy

y Poggio & Viernstein

|

eXpectation density'; it is used
(1964) and others, following a usage introduced by Huggins
(1957). Yet another synonym is "post-firing interval distri-

T

bution,” introduced by Lamarre & Raynauld (1965).
Another property of the autocorrelation is that it

"flattens out' to a constant value; i.e.,

(12) Lim h(T) = 1/p.

T -+c0

In general, this limit is approached slowly for pace—
maker neurons (narrow interspike—interval densities), and
more rapidly for spike trains with greater variation in
interval length. The limiting value is attained for all
values of T for a Poisson process; it can be shown, in
fact, that a Poisson process is the (ordinary) renewal
process having a constant renewal density (Cox, 1962).

The representation of higher—order interval densities
as corresponding convolutions of the first—order density

(Eq. 9) holds only for independent intervals. If there is
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serial dependence (as measured by the serial correlogram), -

more complicated expressions are required, as given by

McFadden (1962). Thus the sum of the interval. dens;tiea____

o (i remriers i
MR N Mk e W

of various orders (the autocorrelatlon) for two spikemtrain.

] lil.'.‘u—-n-l-rl
gl ul-huhllh-.l

sequences having identical interval dlstrlbutions-wilﬁl ==

different if in one train the intervals are 1ndependent “‘ﬁ
(i.e., a renewal process) and in the other they are dependen
Hence it is possible to compare the observed autocorrelation
with that predicted under the independence hypothesis as ﬁ |
test of that hypothesis. One convenient computer method

is that of prolonged random shuffling of the intervals, as
discussed above. The autocorrelation of the shuffled train

then represents a control case of serial independence.

d and ghuffied autocor—

AT AL hty dn, et el RS -

relation not only furnish a test of serial dependence, but
may also indicate the nature of that dependence.
Shuffling may either enhance or flatten peaks in the: -

autocorrelation. For example, if interspike—~interval

lengths exhibit negative serial correlation, peaks iﬁltﬁiaw~
autocorrelation are génerally broadened by shufflingfgpgégh.
the other hand, if interval lengths are positivelyﬁcdrréigéa
shuffling of intervals may sharpen péaks in the autocorrela-
tion. An example of the latter effect is shown in Fig. 3,
in which the original interval sequence was generateﬁ‘ﬁwfali
three-stage semi-Markov process (Cox & Lewis, 1966, p; 82){7
according to which relatively long intervals were more

likely to be followed by long intervals than by short ones,

and vice versa.
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Fig. 5.

Effect of shuffling on peaks in the autocorrelation.
Intervals generated by a semi~Markov process with three
states with mean intervals as follows: state 1 (short),
.09 sec; state 2 (medium), .10 sec; state 3 (long), .1l sec.
All intervals normally distributed with standard deviation

.01 sec. Transition matrix

0.70  0.20 0.10
0.45 0.10 0.45
0.10 0.20 0.70

is such that a long interval is most likely to be followed
by a long interval, and a short by a short, Mean interval
0.10 sec, standard deviation 0.014 sec, in sample of 2000

spikes; first five serial correlation coefficients: 0.251,
0.184, 0.085, 0.071, 0.040:- After shuffling of intervals,

R R . D, U STt -2 RS R A Nt O
4L LIVE Serldl Ccurreldrion Coerricrents were —uv.ulo,
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a. Autocorrelation histo—
gram, unshuffled data. b. Autocorrelation histogram of
reconstructed spike train after shuffling of interspike

intervals. Note sharpening of peaks. See text.
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tions need not.correspond at all. For exémple;‘a ﬁ%@
cell that fires at nearly uniform intervals will have a

strongly oscillating autocorrelation, whereas the serial -

correlogram may be positive, negative, oscillatory, or
zero.

Long—term trends or slow oscillations in firing rates

are ordinarily not obvious in the autocorrelation, but are

more typically revealed in the serial correlogram. These -

e ) A=l . O oL PR oSN T I R IR I Y e e
dnd OLllerl E1LleCld VI ItidlivVely 1iVlIgTLeRil Lalc

are discussed below, in the section dealing with the effects .

of nonstationarity.

Description, Prediction, and Information

Having presented certain statistical measures that 
can be applied to individual spike trains, we now intrddﬂce_f
briefly some considerations about the adéquacy and utility
of statistical descriptions of the train. These consider- -
ations bear on the use of statistical descriptions both im

characterizing and classifying neurons, and in comparihg

observed spike data with those predicted by models.
The simplicity of statistical description of a spike trgin

differs widely from case to case. A single parameter suifices-
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to describe a Poisson process, whereas two are required for an
Erlang or Weibull process. I1f a spike train fits into one

of these categories, not only is the characterization of the
particular spike train extremely simple, but also the pdf

of the interval distribution (and therefore the hazard

explicit equation. For less easily described renewal proces—
ses, the entire interspike—interval histogram is required-

to characterize its properties. When successive intervals
are not independent, then much more complicated descriptions
are needed, except in special cases of highly patterned

spiﬁe configurations. When higher—order joint interval
densities or similarly elaborate statistical measures are
required to effect a reasonably complete description, the

P D |
1 LLODCL

rh
}
}

o

is unmanageable, and its
practical utility is highly questionable. The limit is
reached, of course, when the number of parameters in the
statistical model equals (or exceeds!) the number of spikes
in the sample, at which point statistical analysis loses all
justification.

The relationship between the statistical properties
of a spike train and the information-handling capability of
the neuron is generally complex. Estimates of channel

capacitv depend stronglv upon the particular choice of
R g = Y = = o-J I o o

encoding scheme inputed to the neural structure. Once a

choice of encoding scheme has been made, then estimates of
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channel capacity can be obtained on the basis of interval

statistics. For -example, if a parameter is thought to be

encoded in terms of mean firing rate, then a smaller

coefficient of variation of intervals gives rise to . a
higher channel capacity, etc. Interval statistics, how=-

ever, cannot of themselves provide a choice of coding51

scheme. Facile "derivations' of information—handlingjf

characteristics of neurons based solely or primarily on.
spike~interval statistics are usually misleading-orlwor$¢$WM:;
For a more extended discussion of these problems, the

reader is referred to Moore et al. (1966) and to Segundo

et al. (1966).
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SINGLE SPIKE TRAINS IN THE PRESENCE OF STIMULATION

In many neurophysiological experiments a controlled
series of changes in the physical enviromment is introduced.
We consider here the case of a repeated, relatively short
stimulus. 1In order to detect and evaluate the effect of

such a stimulus train on the train of spikes, it is now

common to compute a post—stimulus—time (PST) histogram

(Gerstein & Kiang, 1960). Specifically, the PST histogram
shows the probability of firing as a function of time after
the stimulus onset. As shown below, this measure is equivalent
to a cross correlation between the train of stimulus presenta—
tions and the train of spikes. 1If the stimulus has no
effect on the pattern of the spike train, the PST histogram
will be flat (subject to the usual statistical fluctuations).
On the other hand, if the stimulus does produce a time—
locked "evoked response' in the spike—train pattern, the
PST histogram will show deviations from flatness. A peak
in a PST histogram indicates a higher probability of firing
at that particular time after stimulation and can presumably
be associated with an excitatory process. Dips in a PST
histogram indicate a lower time—locked probability of
Ifiring and often are associated with inhibitory or refractory
processes.

In interpreting a PST histogram it is obviously

necessary to decide on the statistical significance of the

viations from flatness. A simple method that
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has been used (Weiss, 1964) is to compute the mean square =~ "3

deviation of all bins from the mean level of the histog}ém:

Some criterion value for this number can be chosen to-ﬁﬁﬁ7“”
distinguish a "flat" PST hlstogram from one that shows a L

weak time—locked response pattern. L o ﬂﬁﬁﬁ

There is some difficulty in. this type of significance St
test, however,'since successive bins in the histbgram may

ot = A
WL AL LLTO .

each firing of the neuron is followed by a refractory

ﬁeriod, there is always a tendency toward a negative cof%:
~relation between adjacent bins in the histogram. An empirical“.
‘control case can be constructed by randomly shuffling the
intervals of the spike train and computing the corresponding
"£lat™ PST histogram. The distribution of mean square
deviations from mean bin level can be obtained Efom a set

of replications of this procedure, and the criterion value

o3

o
1<

probability. A control case can also be constructed using

fictitious times of stimulus presentation in a portion Gf

record where no actual stimulations were presented(ﬁerﬁtein,

1960; Burns & Smith, 1962).

Because of such éorrelation effects, it is neceésary
to verify that features in a PST (er 51mllar) histogram tﬁat
are suspected of having significance are not simply artiracts E

of the choice of bin width. Two techniques that may be
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width that is not a simple fraction of the original bin width,
and (2) calculating the autocorrelation of the PST histogram.
Meaningful features should have a width of several bins. The
existence of 'wide" features in the PST histogram will be
shown by large values near the origin of its autocorrelation
function.

Another way of analyzing stimulus effects on a single
spike train is to measure the elapsed times or "latencies"
between stimulus presentations and the earliest encountered
subsequent spikes. Latency and PST studies are discussed

in the review paper by Moore et al. (1966).
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TWO SIMULTANEQUS SPIKE TRAINS

The Problem of Functional Relationship _ Tl

-
— s )

It has become increasingly feasible to record spike. f¥ai

1] s

‘Simon, 1965). In the interpretation of these simultaneous

C o
spike~-train recordings, the trains may be compared by pairs.

. T e e g e - -
The first question to be asked is whether the two trains of "
anikac are indonandont nre enacifirallv. we .ur‘i cﬁ"f.t\‘mnlrn -
SpLaialS Qi LUANTPpTLIUTIsY WA A T e s AR R Ty T Toetak e AR — i

a statistical test of the null hypothesis that the two.traing .

are drawn from independent point processes. This would imply '::é

that the two neurons are functionally unrelated. The test is .ELif

accomplished, in principle, by computing a histogram, which ==
[

estimates a suitable function {(e.g., either the cross density st
or the cross correlation function, described‘below);‘hnd com~

paring the estimate with the predicted function as based on

the assumed independence of the two trains. If the observed T
and predicted functions differ significantly, the null hypethesig}fﬁ
is rejected, and the trains are considered to be dependent. ;;??

An observed dependence between two spike trains can i:&
arise from one (or both) of two sources: (1) functional T?iﬂ

Such mechanisms could be synaptic (whether direct or mediated . ~

through interneurons), ephaptic, or due to "field effects."

*Statistical measures for the concurrent intercomparison
of three or more trains are currently under investigation. —
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By common input we mean any mechanism that simultaneously
modulates the firing patterns of both neurons. Such
mechanisms could involve synaptic contact from branches of
the same axon, or field effects from a source other than the
two neureons. It must be emphasized that long—term con—
comitant changes in firing rates, if shared wholly or in
part by two neurons, constitute a form of dependence, and,
if sufficiently pronounced, will be detected by statistical

test procedures (see discussion below, on Types of Dependence).

Independence: Consequences of the Null Hypothesis

According to the null hypothesis, spike trains A and B
are independent in the mathematical sense. This means that
spikes in train A occur at moments taken at random with
regspect to train B. In relating the two spike trains we
may therefore use some mathematical results about single
point processes observed from random moments in time.

One such result concerns the distribution of so—called

recurrence times, which are defined as follows. From a

random instant in time, we denote by V1 the time until the
next event in a point process, and by V_; the time backward
to the most recent event in the point process; V, and V_;

are known as the forward and backward recurrence times,

respectively (Fig. 6). FEach of these times has the same

distribution with the pdf

13) g1 = [1 - KD} /u = F(n)/u,
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Fig; 6.

Tando!

spikes. 1If the eventé in tralﬁ A"are~
time, then vy and V _1 are the -(first—order).. fonmat

backward recurrence times, respectlvely, V2 and v -2, are

the correspondlng second—order recurrence tlmes, ete.; If
train A is a spike traln, then (1n the usage of this stady}
the corresponding time intervals are called waiting times, -,

and are designated Wl, W_l, Wé, etc. See text.
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where u is the mean interspike interval; F(T), as before.

< alsie

is the cumulative probab111ty distribution of the intetvalsgﬂh

T
L~

and ¥(t) is the survivor functlon.g This result is- trueﬂ

s s
e

for both renewal and nonrenewal processes (Cox, 1962

McFadden, 1962)

following, or to the immediately preceding, spike in B is

distributed with the pdf
(14) ﬁl(T) = a—l(T) = [1 _,FB(T)]/UB

if the two spike trains are independent.

ship holds, of course, for the tlmes between any spike in B fimm

and the neighboring splkes in A w1th the -appropriate ehﬁﬁﬁ“ﬁfu o

e T

of subscripts.

not they are in fact indenendent. 'We de _gnate as Wq_

et

"waiting time" from a splke 1n traxn“A“tOYthe next—suh&equﬂnﬁﬁﬁ;

= e g e q—Em.

spike in train B, and as W i the tlmenba Kward“to the:mn “‘::::

recent spike in train B. | The dlstrlbut ons o

variables are spec1f1ed by their pdf s;f“l(T) and " 1(?)

which we call the forward and backward cross—interval. dengLEiﬁE:.

i ——— s

respectively. These densities, as usual, are estimated by “"“:ﬁﬁ

histograms constructed from the observed spike trains. If =



65—

,i, - the trains are independent, the cross—interval histograms
lwill agree with their predicted forms, according to Eq. 1l4.
It is to be noted that this prediction is based only on the
interval distribution in train B. If the observed histograms
agree with the predictions, however, it can be concluded
* that the trains are independent only insofar as adjacent

spikes are concerned. Effects of one neuron's spikes on the

leman ' mm T lem o mnmwr wemT T e elaved to the extent
LiIEL b3 bp-l-.!\Cb it _y WCLL UC cJ.a_yc:u LU LT CALTILL

: C)‘

jff;~m:&Wi11 nbt be revealed in the cross—interval histograms.
””ﬁfﬁifDepartures_of;the'cross—interval histograms from their
predicted form may often indicate the type of dependence
between the two trains. Furthermore, in cases of indicated
'fdependence, the forward and backward cross—interval histo—

”f#grams will in general be different.

T T Fog ¥ Tom g = et gala =l o it —tm Ll Lnm AT PR, [,

Gl jalLSlll SVYeLiLa Sy UL WL LML LT Suti O uiiese 0¥ airi Oraers.

- Letting V,, V3, ... refer to the times from a random moment
-~ to the second, third, ... events encountered in the process

- B, we may define in general g;(r) to be the pdf of recurrence
ffgim§~Yifff;f thgse pdf's exist (as they do for most physically
- - -realizable processes, including spike trains), then it follows

from a result of McFadden (1962, Eq. 2.21) that the sum of

. ...the recurrence densities of all orders is a constant:

o~
et
LEL)
~
]
-

~
I

N Lo
/[, Beit
.=



their sum also has:-the- same dlstrlbutxan

forward trmes.rwf'~;l;;§?”

'”i? We proceed as before' to generallze—te-ehe-ease_eizne';:ff

-necessarily independent spike tra1ns, and we- defineufﬁe """"" =

forward ‘and backward waiting times of order i, W gn¢—w-.;'

tne cross: cofféiattan:re

Therefore,
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o AE=0
e an event in A at to}/At.

Functions of this kind are called "cross intensity functions"
"~ by Cox & Lewis (1966, p. 247).
uuf;aﬁiii The same reasoning applies, of course, if train A

consists of random instants of time, and so we may write

At-0

random instant to}/At

here is a parallelism between the funetion GB(T) ané.

the renewal density (autoédrrelation) h{rT). If we

observe a stochastic point process starting at a

i ;4fandom event, then the probability of encountering
'ﬁsyikéé;ét”aﬁy'time'thereafter is meaéured by h(t). For
_large r (i.e., at long times after the initial observa-
'iﬁiOanoint), this density becomes a constant, equal to
Qigwﬁflf' ~the mean firing rate 1/u (Eq. 12). On the other hand,

if we start our observation at a random instant in time,

rather than at a particular event, the probability

dénsity GB(T) of encountering a spike at some later

—-time is already a constant. Heuristically, this means

that if we know that a spike has occurred, we can

— predict (from the statistical properties of the spike

'”Tﬂﬁ$t35(55'=“tim prob {an event in B in (t0 + T, tg + T+ AT)I':

S(18) GB(T) = Lim prob {an event in B in (tg + 7, tg + T+ ae)|




;sclelyfon:the

noint—nroce53es-

The ocrogs——correlati ﬁn‘“fﬁﬁrti*nn

in- recarde—ismfellewed—at—a_t¢me~A by a SPlKe 1“ EE““'

ﬁ“fn iSMeventmmav—%e»equiva%enely descrlbed as_tﬁh_e

rﬁr-ord"‘;&"

*”m‘Th““prqbabilltygof*thk

- e m—— .—.—..._.--...—-—._

Th{i:skidentMy«—h&ldsmeven—imt_—tneﬁ_two trains are’ nQ-t 'imian

- ——— . .——.——‘——___:::—T‘—n

For cnls—reason—~the*cress—eefrelatlon functLon is. cusE"u'

,ffTMMMum“MEMfmeasured*in“anly‘one“dlrection““frﬁm“ff&iﬁ“ﬁ“f'Efi;




-69-

Application to Experimental Data

Thus, in order to test whether two spike trains are
independent, we may make the following measurements:

(1) The cross—interval histogram. We select spikes in

train A and construct a histogram of the times to the

nearest spikes in train B. This histogram can then be

time densities nl(T), and n_l(T), which in turn are estimated
from the interspike—interval histogram of train B, using

Eqs. 4b and 14. This procedure must be repeated, after inter-

changing the r8les of the trains.

T . = et Lo

(2) The cross—correlation histogram. We select spikes

]

in train A and construct a histogram of the times to all
spikes in train B, both forward and backward, out to some
specified time. This histogram provides an estimate of the
cross—correlation function QAB(T), which can be compared
with the predicted constant value l/uB.

If the two spike trains are independent, then the
forward and backward cross—interval histograms will be
equal to the prediction [1 — FB(T)VuB, and hence equal to

each other, within

Sl W wiAeam § ¥ - 1 S L1 U L}

g effects. Since these equalities
are a necessary but not sufficient condition for independence
of the spike trains, the cross—interval histograms have

two major uses: (1) as a corroboration of independence

when indicated by a flat cross correlation, and (2) as a

means of exploring suspected short-latency interactions,

i.e., those occurring with a latency smaller than the mean
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mst be computed scparatcly for train A agalnst train B and:

T
-u—n—--l-ll"-‘

vice versa.- These measurements are related to the - phase

histograms of Wyman (1965). R

lack of independence of successive bins ln the cross—

correlation histogram, as has been mentioned for the PST

histogram. An observation contributing to one bin of the-

toriness of the neuron will then lower the prob

contribution to the next bin. The magnitude of this effect

e - -—..-.

egree and duration of refractorlness, a§

more 11ke1y to have a smaller number“bfjsplkes“

Thus, the contribution to the sum of squares of dev1at10ns

from the mean will :‘b,e,,szl.;arge_l:....f;hagnnif bins represente'd? ——

“attributions of“dépeﬁdeﬁceﬁEbﬁ&eilﬁ:that:arﬁxiin:facE- R

1ndependently
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cross—correlation histogram, which oscillate with the
period of the pacemakers. The magnitudes and phases of these
peaks vary randomly from sample to sample, and they may
disappear only with extraordinarily long sampies. 1In Fig. 7,
we show examples of cross—correlation histograms taken from
- two simulated independent pacemakers (normally distributed
intervals with standard deviation of interval set at 10 per—
cent of the mean). Each sample consisted of 4000 spikes in
each neuron. The examples show the appearance and occasional
disappearance of the peaks, which may be interpreted as a
 run of phase "locking' arising by chance. It is consequently
very difficult to decide from reasonably sized samples
whether two pacemakers are independent.
Thus, there are appreciable risks of falsely attributing
dependence to independent spike trains, particularly when
- both neurons are pacemakers. The other possible type of
. error is false attribution of independence to trains that
are in fact dependent. This is much less likely and can

arise in either of two ways: (1) The dependence may be so

_in the sample taken. (2) A simultaneous combination of

. ﬁbs ti&éréﬁdJﬁggéfive interactions may coincidentally combine
In such a fashion as to cancel each other. If this should
happen, however, the two neurons may still be regarded as
firing independently since, in an operational sense, the
firing of one cannot be used to predict firing times of the

PRI, T,
OLIIers.
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Types of Dependence

Dependence may arise from a number of physiologically g

important processes. we have already distinguished _inter—.

action and common 1nput

are virtually endleSS? o R %éw*!l435~-3e$ﬁ§3}f

Two cells may:iﬁteract through synaptic commectiong
that may be either direct (e.g., an ‘axon collateral of one -
of the cells forming ; synapse with the other) or indlrect -

(i.e., mediated through one or more interneurons}. Theﬂ#m‘

effects of such interactions on the cross correlatien cann

be predicted prec1sely without a detalled knowledge of thniw'i”

intracellular processes, including PQStSYnaptlc Potentials”l’
which underlie the production of_splkes by each cell. iﬁ_f“

simple cases, however, the gross effects are intuitively

obvious. For example,‘if cell A makes a single excitat@:y=_gf i

synaptic connéction with cell B' with a mean cenductienAtiﬁéf

w, then we would expect the nrobabilitv that cell B flres~to;

be enhanced durlng a period startlng at a time w after the S
occurrence of every spike in cell A, Therefore, we observe 'i i,

a peak in the cross—correlatlon functlon gAB(T) near the

point T = w. The shape of the peak depends on the det&ils.
of the synaptic interaction (Fig. 8a). . If the conneetian;
is inhibitory, a depre531on rather than a peak will be :
observed (Fig. 8b)

Two cells may receive input from a common source
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Fig. 8.

Cross—correlation histograms for interacting neurons;

data from computer simulations. a. Direct excitation.

Neurons with characteristics similar to thbse of Fig. 2b.

Each neuron-excited by an independent Poisson source of EPSP's,
amplitude normally distributed.with mean 7.5 mv, standard
deviation 1.0 mv; mean arrival rate 100/sec. Cell A makes
excitatory synapse on cell B with latency of 100 msec;

EPSP mean amplitude 10 mv, standard deviation 1 mv. In

250 sec, 2053 spikes produced by cell A, 2286 spikes by cell

B. b. Direct inhibition. Same as Fig. 8a except A-B synapse

is inhibitory (mean amplitude -~10 mv, etc.). In 250 sec,
2068 spikes produced by cell A, 1858 spikes by cell B.

¢. Shared excitation. Simulated neurons similar to those

above, but with no synaptic connections between them. Each

independent Poisson source now produces 10—mv EPSP's, and is
reduced in rate to 25/sec. An additional Poisson source

with a mean rate of 150/sec delivers 10-mv EPSP's to both
cells, each arriving at cell A 50 msec earlier than at cell B;
i.e., each cell receives an average of 175 EPSP's per second,
of which 150 (86%) are shared with the other cell. Each
cell produced about 2500 spikes in 150 sec. d. Shared

inhibition. Similar to previous example. Each independent

xcitatory input produces 10-mv EPSP's at a mean rate of

]

175/sec, shared channel produces 30-mv IPSP's at a mean
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rate of 100/sec. Both cells depolarlzed by d~c 1nput to o

produce spikes.

in 150 sec., e,

from shared 100/sec channel as in case.
as in example 8c. Cell A produced 732
2600 spikes in 200 sec.
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EXRNAKAXXRAXAAEAAL A X XA XA X RRC LR A AR IR AR AN X KA L LA N A o

XXMM NN AR I LKA AN XN RN X KA N TN AR RA XA AN KN A AN K
AAXERULNRKER RN KA NAANANARR G ARR K KKK R R AR NN UK A AR KK H K 5
RN XX R AN AR T LA AN XA AN Z AXN X AR KL T R AT X N0 A X

ANAAEE AR KANAK KRN AA XA AR KK R AN AR AR R R X AXA AR LR RN RN K KLU HANK RXN R
OO XX XAA XA LA XX AR AR LR LR LA AAAA XN AN AR AN X ANA L KR NN N
EXORXEAXARNEE X YRR LA XXX EE XN XKL XA X AR XX AR AL AA AN L AANR
EXXEXRRNARAXNKAXNXR XX XA AN R XK A XN AU KA XK AR AN KK X XN
KU XA XA AR N X RN A AR A XA XA R AN KU 5 X o]
ENNAMKAXNEEXR AR XARRKE AR KA MR KRR AKX R R A AR K AX KRR NA N X
XN XXM R NN KR AN N0 X0 OO0 XU 2 0 XN
FXOOUXKE X MAKH X KK X AR KRR XN R XER KX R KX IO XH X MKk w A
AOKICE XN XN IRINRNXXXNX N IOCK KKK NN0A X KK XX NK AKX X
20000 K630 MK 30306 K3 KO X0 K 30K D06 000K K 0% KK R X
XXUCRKEKKXXRAREXXRRLEAAXAX RN AXK R KX R R XAAK XXX R AKK XA XK KN
HEXKRNUKARAK KA R KRN XK KK RN AR KX NN XX RN AX AR X AKX
XX KXW MK NN0 KK NN N A K00 K X3 K X 00H MK o
XXX AN XKENXTXN KK KL NN IR XNOCRAR L WX KRR XXX A XA X% KN
RAXKREUANAXNRK KUK ML KR AR NN KK MK R AR KR KRN NN KKK AU AR XL XXX £ ]
WK AN KK XX N HA N KXW NK K 3R XNAX NN KAK NN KKK (A X N
EEXARAARKXNOXAAAARAAXNXURNE KN A R RAAN AR R XK R AR NX AKX Kl
AXKAXXNERRNA KKK KR NAR AR UK A NA KRR R A NN KR AN E KA XX K
XX IOCK XK XXX IO NRARXXRLR XN RNN KK LN A KL N A X ]
XHRARHNE KK KX AN AKX AR RE KA IR R AKX RKAL AR K KA A KK N AN XX
RN XUXA XX XXX AKX KK A ALK N WX KERAKXAA XA RAA LA R KK X
XXXX!X!KXXXKXKIKXKIKXKXh)lIIXKKKI!XXKXK‘K%K!X!IKI

ARXXAXR XXM XXX RN XA RRR N A RN X AN LKA XN A RA AR AL ARNN L
203000 KON KK IO N0 XI000K A KK 00000 X000 X W X 0K
XXM WRE R KRR ENRNOCH KR NKX K HKA UKL HAN KRN KX A0 KUK N A
000K XX RN N X XN OR KK A XK KOO MR XXX AR N X AKX
KRN N XX KR KA AR KA A AN N NA RN XA KN AR KK XX N KX KA AK R KA A XN A X
ARANXEAAXRKXHNAX KR AN AR XA X RN S RN L NX XX AN R AL X KA 2 N
ARAZRAEERIEARARRERLAN A XX LA LR XXX XAR IR AAX TR AX N XK N XK
BERXXXXUXKXEEXNXNKRKRX R RN AR AR R XA KR XK KX A KNI AKX NG
XXX R KRR XXX AKX E XA AR AR R X EAXA AN AR X RAXN
EWNRX NN NANNHE XX XKL AN R IO NN XKL X E XK A%
RAXARRAR XML XA XNXWLAANAN MU AR AN XA A KK AX AR AANA AKX G
AXNRKANNXXAMXA M AR XA XN RN R R RN AR XKX XAX AR AN AR A XX X KX XX
RXXARKEX RN NLEUEXRANANARRAXER NXEXAAKN AL RAK AN XK XA KX KN KK
XOXXMKN XX XX HAR R XXX XXAXNL AN AL IR XAXNE AR KA AR KKLAX AR AN
XERXXENEXNNEARXEXAX R XY XAAKREXEN AR AR XN XAX KA MR N AR X LA XA N
JOXX0X X0 RN N XK XXX KAOX XK X XK HOEWLR AN KA NU AR AR N X XA X

HUAXRKXAAXXX XWX XXX XUOOCEELEARXR NN R A AXAAXKXKLNLNA NI AN

NN XX Y X X N N X N WM NN AN XN AN UNE XXX
XA XXAX A X IXAN AN LN R RNUHL XN WL LA XN LA NL XX NN LT KK KNk N X
XXHLXKRIONKIONKEXXKXA KRR XX KE KX XEKAKN KR XD LK R AKX XK N A
XREHRERONE OO NN KOS R IGO0 XX 00 o
MR NX AN KA KK T XK KRR R KRR R AR KA XA 0 o
OONKEXXKEAX KR XX AKAXKKKXK XKL R RXAK XA AKX XA
00 KK X XXX KK I 3 KK 0% N X

KUXHAAXAXKKE XXX KEANXKRKE O KKK KR AKX K KX KN AX KK XN KK
XICOUOCOE XN RXXNEEXENRRER X URX AKX KMEN R KKAR KK KKK KM o
RN X K0 OO X000 300X X0 R RO K KRk A K X KM KK 0 X K XX AKX o
AREAXARXHHXAXRX KX AU K XXKIOOOCCNEX KR XX LA XRUA LR AN X AX XXX KA N XA XA A AN XA AN KX XN
XXX MK I XN RE AR XA XXX XXX NI IEA AR AR X AN AT XML AR XX RAXNRCAK KRKAK N
AXKREXARRKANX KK AN KNRNM KRN R RR KON X NAK XK NH X XA HX LN K HX KA AN LA LN A
RO RO OO X OO KRR XX XA XN AT KA KK K

00H00 XM K000 20000 0000 R0 000N IR X X XM XA N X KUK N AN XA XK
KKK AAXRXAXKAKHHKRAARXAL XX XKL XX A AR X KN A A ]
I T T e R Y L S LR A LE I L
EXXUXAXXXERHLAX LKA LR UL AKX KKK AN R AR N A AN K KA K L Lo A 0 X X
0RO XMW, N AN AR AR R 0K XN R IR0 K AWK K
KX AN AKX KR AR AR ANK KRR LKA AN XA RX A AR MK LK KX 2%
XARKAUKAAAKA XA L UKA N HR K XA KA RN LA LN KKK 0 2
XAAAXAANNH N AR R A KA IR XX NX X XNKRXE KN XK N AN A m A2 KN K o
AXRAXAXAXREAXKE AR AR LR KRR A RR AKX RN E N RN X AXA KX XA XK KL KR 0 K u ko
RAAARXANAARX AN LR KHAXKR XX AR AR WA K AX AR KN XNKHE B KK XK AL XX
AR ANXAXAXAAEHANXX KX KEA XKL KRN KA AAAN RN XA LA ANN AKX K
HXAXAKKXXKKHAXEKAKKKXEX XA MK XA K RXKA XA XKL NENE R KX A
MUK IO KON I XXMM XX XX KK KX 0000 KX KA X
ARXXEXXKA AN AXE LXK LR AR NN E XX KX ANT RN N X WA K
XXX KK N KK XXMM N KRN N XXX RNRL RN R AN NN K ]
EREKK AN A XA AR ARAA R AR XA LR XX AN XX AKX KRR AN NKCLIONN K kXX N
JOXIOE0X KO0 NN X XX X XK R XX K KN K X K
KERAKK Y KA EXNRRRKANRRNRRR KRR K AR A KA KA K KKAKAXREKAA KK AL K RK A
JCROCNNHON NN X RN N o X £ X KK N X g
ANKXXXANRXEXXAEX RN AR AXNR U AR R R KRR K KA X KN AN K 00 o8 ) o
XEOOOUOONXKXEXNXCRE XXX XKL UK XXXAX KRR AKER XA HK K o]
AUXNEERETAXE A NN R AR R AN A XA X R X XX A ML XX LA AN LN KR KA LK
O3 MIO0NK X IR NN KM KR XK X 0 X X W]
AXENXHX XA AN NN DLR XX NN KX N MK IR LK KL KN K K
SO0 K XU R AKX N XK AWK KOO XX NN KA ’x 2o K ]
AXARKAXKX X AR XX N XAXN AR X NXX RN R XN RN AN KA KX AK AN 0 KKK KX
KX AR XX AXEXEXRXLR XK NERKKRKA N KRR XAKK AN AR R X
LR R et E e P PR S R P S T A ER S TR S 4L L
AXAXANEAXEIXXARK AR AR KR AN R KK AN X ANL X NL KN XL XN KA X
AXEXALEEUAX KX XXM R AR AR AR RX A AN LR RN NAX XN L AN X2 LA XX KR KK 0
XXEHAXIREX XX AR A RAAEK AR AAR AN R AL KR AN AR KR N A XL K A KR X
NIXXXXXARKXALEX N R NL AR RN RN RNRX NN L AN AL AN A A o]
ARTAURKNR I AARN X EX IR XA R R AR X XA RN N R XA A X RN L R NK N XX K
AXRXEAX NN KA AN X RN AN RN ML XX RN E R YN NNE R R AN AR AN R REK KA XN R Y
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N3 FYRXACI AR LR CPN AN X EE KA AN R KR KW ALY L CANNF
PRI AR CROOAE NP CEXD XA R XA AR KA A A AT KA XA
EXRANERENUAACA NI AR A XA KRR RAKA AR A AL LA CAA AN

XXX AKKEUARKET AN LA X LUK R AU X LA

AARHXEN KON CE XK NXH N XX N ALY
XXX KON OO XXX LA X

AUARN EXRARXLARL T CXANNEANU KR NN KK A ARE XA XXX AL A AN L AL
XXM NRRAXARKARREER UK E XK AXARNENAX KA A LAXFKUAKN

AKX RN R XERNT R XX RN AKX LA XWX X XA KN A
XXX XN ANKXEN N AN KN A AR LXK X000 00000 KU X
ATXAXCETAXX LKA ONLEN XXX LR AR AX Ao X

BN R A NOCOCONA RN A HAAK LA AKX R AR AN LAY
HAWENAXHNKH ALK RN X AL NA A D XA KKXHKLARN AN
KKK KOO Ky e MXX KN KE Y AN XA XA LA XK
ARXXAAIXKE AR KRN H A XN F KON R LA AN

KAUXRCAXNU AL LAR RN R KL A AT XA RN R LA XX AN N AN

FAAXARXN AL A KAV E AR XAR NN LN NN XK

RRXXNL AN XXX RRUAL X AL LR WL AA AL LKL KN

AXRANK AR XA ELLLEXAKHRAH AN RAAAF XA MR AR R Y

MR E MR XXX AL R KRR KL X X RN N AR XA AWK
REHERRAMNRRANARF AR KA R A AR K AR AK XA My ewwnAndnduyy
ARXFALKAR KW LK AK AR NARALE AL R AL AKX AXMAM RN RN A X AR LAY
FEXAXAF AN XK A ACIRAAN AN AR T XA AN X AL LN L
XRNXAKENNKAKN N AR I XXX AAR Y NORCE XY XR KR LR R LKA
RO AXAH ARG XKARAX KR KN
FAAREA AR NNARAAN I XA AN AP REA AU NA AR N KA AL LR AN
EEXEKXKXXNAATE XA LR KX E XXX ANLANAAA NN

NN KX AAR X CEKLRXAXARKKE N KA L KKK AR AN

XXHAP AN NAN N LR XA AN KR A ML RCCN RN

HEAAKXXN KRN KARANR RN XKW AU XA NP XXX KR XA

KX AKEXYRAN XX AXXAR LT LA AR NN AL AR A N
OO AN XK KX K E AN A XA NAXNAN KL A K AA LA XY

XA RN RN XX AN N AN RO K UN LA R ALK KU RN AN LN A
ERE LK OONE Y N ARV LRt KRR KA C R LMK R ¥ Y

AR LCAAE X XTI (XL KN H A0 L AR XA XA R KN ARAAKAK
KA XAX KK RRAE VLN XX MR AR AN u R T YL AN AN RN WA A XK ANNKK AN
ARAXHIE AN RN AN B AN ARN YK ACRY KA AH A AA AN

XU (KA XA XXX AL RN TR AN K AANA

EERAR LV YA KR KB M AR X KX KRR KN AU XN XA A AR
REXHANANKANIXK LA RN AR ALR XX SLXADCOF FAARA KA
XX XY AN AR ANAN AT AKX KK N X UX N LU KRR KA KX NA X F X Ao
UMD XA LR AN LKA R KRN A AN AN

AN KA AAKKEL NN LR K EE RN C AN LA KA KN AR LA LAV AN A
RAUALERE AR AL XL L AR AR LKA R UAXAF VR EAXAANAA L

XA AN RN RN AN KN NI UR A Y C X NN N AL (AN AN
EXKXAAANEXENERRKANE AR N XU L AXAXERN N

REXXEAXAXAT DR X CRKEAN KA XK XA XXX AV LA LA EN

RXRARKH XL XA KON K XA XL KARA N AKR A KA KA AXLCA LA WA ALK
AREERF X WRAREEXFRLARAD DN A0 2 AR RN AL R A A X
CORARXAR LN AN EE AR RN CXNARN AN XL AL AL
ARRXXRNEAXUX LA NI RN KKNK KRR L AAAN XA R ALY A XCA K AT KK

KN AXARN RN E ARV KRR AN LA OXAKA RN KA KK AT N LA KA

KRR AN AR LAY KX KA B X AKX R A A AR AN

A RO ORI OO O ORI KR e Y XA N
XX ONRKE T XKUY ENKE N X n RN LW AR AN DAY AL A A XA
AXNRXKEE RXNAXK XXX ARE N LA XXX XA XK RCAF XL ENARACRAA
AREXN XX AARRKXAE AN LA (XA U (R YA KR

XA XXX IR NXHLXNCN XA AN R NA Y LA XN XA X XA CLAN AN
AEFARARFRRNURAE AN RK AR AR DRI AL SRR A A A A
KXY AR LR AN L F AL XA UMK YR T AN R AN

EAAAK AN LR RN RN AN AR XL A CN AR ALY
FANNAAX XA R NI AT XM KR AL

YEXKNRK AR AFARNTI R AL LK
XXRKAAEN LR NN
ANEAXKRIRXNNAARL AL T
AXKF UL R LA AR AT LA LA XAV AR N
XEKCEHAAL KX AR LY LLAAA AR AL
XXARAXCL AL RN AALNAEN
FRAICAEA XKL PAEAXN N AN ICN N LKA E AN C

HAAX AT XTI R L XA AR AE AT AR A AT
HROERXX R N OARN AR AN NN e AL AN N
XAURRARANF X XARCFXRAANEN DR N AP XA AN AN

AXKNXEXEA AN LR A AR R AN AN AL ACEAK

AAREAXK NN KE LA N AKX NN CANN K XD YW LT ALK
RERXERRAM KN LN XN A LN AARK RN A LKA
MUPREMI KA KRR L EY YN MR WA XA (AT
EXANNE AR KA KLY RN NN AR D AN AL AR

RN XA XANE RN KD WM AR X KON AN LA N AR AN DY AL AN N
NN ER AR AR D A XN AN AT AR KN XN A XA KL AN N
ANAKAR AR AT RV ENET (P AR T Y LA TR UK RN A CHR A KN LA
XX NNEX AL M UL N KT NN T A WA
XPXXKEN A XX KRB AR KR AN HNRSAX RN D ARRAAK R AR (XN
REXXXARN LKA LA LAN AR TR AN ENNAY LKL
NN RN AN RN LN M ANV R LY XXX UN AL NN
N X XA AN N XA L AN AT
XHAKXNTARKR Y E AN XA X K RRCARNR RN KR YA AL AN AL
KXENREN LN R XA XEARA N R AT AT (AN CR AT NI LXK A XD K
AN ANR N REHAA YN RN E NN AN A XX WA DA AR NN KX
KRR RN AN LN AU RAF P A C AN YN
EAXCF RN RXALTRR L OV AAR AL (L]
P N A T e e R SR N T L AL
AKANAXS XA KKARN K AXAKY T LA
NN NN X AR KN Y Y X n kY L L K]
ARAN XXX LENARNRN Y XK B XEY CENIX (NN KN LA ANY A YA R LXK N
K CKRE AN NIRRT XN WA E X KR (YN anu (Y (xR
HREMNEN KK AR XN ERAKE ALY YA N CENAATNEX
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source might be a cell that makes excitatory synapses withu:

cells A and B at latencies zy and Zp, respectively. We thqn

expect a peak in the cross—correlation fUnctlon AB( l"&L“GE:;:::

near T = zgp — ZA‘ The magnitude of the peak will gegéaééézéﬁfgﬁ

the flrlng rate of the source cell as well as on the neuro—m-‘wrﬁ-

physiological characteristics of the observed cells. - 34wg

similar propertles and parameters, then the follawing”‘
generalizations may be made on the basis of simulation'" '

studies: ' S ,;4.‘ fe

than direct or indlrect connections. _
(b) Indirect connections are more difficult to detectft
than direct connections.
(c) Several dlfferent arrangements of functional

interaction may lead to the same cross. correlation, gﬁ f”"

inferential conclusions concerning the anatomy and ﬁhjﬁ%@l-&?

of the interneuronal dependence may therefore be impessible. o

In Splte of these dlfflcultles, CYOSS carrel&tlens mmin

their extensions can reveal a great deal about neurenal

interactions. 1If, in addition, the organism is stimul&te&;_

a new experimental variable is provided, which can markeﬁly‘ :
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enhance the utility of spike correlation measurements, as

discussed in the following section.
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TWO SPIKE TRAINS IN THE PRESENCE OF STIMULATION

Fanctional Effects of Stimulaticn

Interactions between neurons may be alteredrby

presentlng a sitimulus (o the animal; these changes are -

mi, - U =i = U SUR T .... »
The effects on t

~ changed firing rates of one or both cells, (2)=tHrouigh=

direct or indirect synaptic input to both celléuffdﬁ;Q

common source (or a set of parallel sources) that respa

dlrectly to the stlmulus, (3) through the effects of

_the stimulus on interaction pathways be tweﬂr' tl'te'“t*(lG : 4_';"_

observed cells, or (4) through any combination.of theses. .0
It is shown below that the changes in the cross—correlatlon"

function can be predicted when the stimulus is repeated:- — —-
shen mechani

L LI R T R T 2%

‘are 0perative. If the obscrve

may be concluded that mechanlsm (3) is not operatlve, i X G

o —

that any interaction pathways between the two neurong qzeﬂa

not 51gn1f1cant1y affected by the stimulus.

We now consider the case in which an 1dent1ca1 sfi
is presented at regular intervals
intervals are long with respect to conduction times and

the duration of postsynaptic effects; i.e., the observable

Irregularly spaced stimulus presentations lead te
irrelevant complications in the calculations. -
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effects of a given stimulus have essentially died away by
the time the next stimulus is presented.

Tﬁe post“stimulus—time.(PST) histogram discussed above
is an estimafe of the firing probability of a neuron as a

function of time since the onset of the stimulus. (It is

~..clear that this is a special case of the cross—correlation

"mfﬁﬁétion,'gSA(T), where 'cell’” § always fires at the onset
of each stimulus.) It has two additive components: the
relatively constant background component, which is due to
firings of the observed cell that are not hecessarily
related to the stimulus; and departures from this level,
which are due to the effects of the stimulus, whether
directly or indirectly mediated. The background level

may be affected by the stimulus, since PA, the mean firing
rate of the cell with (repetitive) stimulus '"on,' may be
different from PA, the mean rate with stimulus “off,"
accordingly as the stimulus has a net excitatory or
inhibitory effect on cell A.

It is clear that the observed cross—correlation
function between two cells A and B will, in general, be
different under "stimulus—on" and “stimulus—off" condi-—
tions. The major classes of effects possible are illustrated
schematically in Fig. 9.

In the simplest situation, shown in Case a, cells A and
B are independent, but both receive input from the stimulus.

(Each arrow represents one or more synaptic connections,
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Fig. 9.

Functional relationships between stlmulus and observeau«m—-

neurons; schematic Stlmulus

either directly or (dotted llnes) through 1ntermed1&te-_ﬂ_

networks X and Y. In Case a, there is no;iﬁtexaﬁtfnﬁ

between cells A and B. In Case. b, 'there,are interacLiauw

pathways I for p0351b1y rec1procal 1nteractign betweenmw_‘fw“;mmgf

neurons A and B. 1In Case c, 1nteract10n patnways I

themselves affected by the stlmulus S- See text.




Jinteraction = |

Case b

Interaction

Case ¢

Cpr
J.

~Stimulus=modulated (5 F
interaction N




are funct:onal rather thanw

sketches in Fig. 9

Cells - X and Yurepresentuindependsnﬁz“"“"“‘ ,;;{1

_- L :diagrams.)

SRR EEEEEEE

115__1naym:;nterac~t———'rh ——3mte:c—alca-z:—y,z,ﬂ._m—,]iF beu .

co..uersely%,;,,,;,,:t' S —

A sLill more complicatced situation-is -

Case e, in which the interaction itseclf is




-91-

the stimulus. Such modifications, or "modulation," may
result from activation of excitatory or inhibitory synaptic

connections from S on interneurons in I, causing increased

he transmission of inter—

or reduced effectiveness in

a3

actions between cells A and B.

Prediction of the Cross Correlation

In the two simpler situations described above, it is
possible to predict the cross correlation in the stimulus—
on condition, on the basis of the following measurements:

(1) the mean firing rates of both cells under both stimulated
and unstimulated conditions, (2) the observed cross—correla—
tion function with the stimulus off, and (3) the observed

PST histograms for both cells.

The basic assumption involved in this prediction is
that these various modifications of the cross correlation,
produced by the stimulus, are sufficiently independent
to be additive. This assumption breaks down, for example,
when firing rates are high, so that refractory characteris—
tics of the neurons become imporﬁant.

With stimulus off, the cross—correlation histogram is
composed of "background" and "interaction" components. The
background component is predicted on the basis of expected
random coincidences, as follows:

With a bin width of 6 in the cross—correlation histo—
gram, we define a lagged coincidence (with lag time T) as

the occurrence of an event in A at t, together with the



‘given by -
~ N(T $) ! ]
(21) QAB(T) = .nAa 2 ~

its expected value is given by E[nA] = P,T, so that wefheéeﬁz
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__1;0 - "!"""E 52 S Li s

occurrence of an event in B in the_ interva

The lag times 7 corres?oﬂd to midpoiﬁtS‘ef.blnstﬁueg'- i.kﬁfZ*‘

k=1, 2, .... Then the expected number N(r, a) of. laggpdmui:$:ﬁ

[EAP

-ul---.mn

coincidences in. the corresponding bln, arising- from~aﬁeegmen‘m e

of A~record of length T, is glven by T e

T+8/2
(20) E[N(r,6)] = ¢,T j gABo«) dx,

where ¢ I/uA is the mean flrlng rate in record A.

A - st
Thus, the estimate of the theoretical den81ty gAB(Tiyis i

where n, is the observed number of spikes in A during T;.._.7C

22)  Cup(r) = Nlr, 8)/(p,T,

1f, however, the stationary p01nt processes ef tne B u——c

two cells are independent; -so-that-an-event in- reeeré—& n—

occurs without any knowledge of the sequence of events -t —

record B, we have already,p01nted,outmthat;the;nrass -

correlation ru’cflon'is a ceﬁstaﬁt:] Cpplt) =

for records of flnlte 1ength the observed hlstegramufefe

such independent cells has an expected value- of PAPET ; -




relative magnitude as the sample size increases. This

11

"random," or background, level, produced through randomly

i;~im~7;occurr1ng lagged coincidences, is the sole component of

4——-—?ﬁthe cross—correlatlon function for independent cells and T —

is a contrlbutlng component to this function for dependent

**W““*“*cell _______ palrs;“"(Sgg;Cox;andmLewis.(1966),~ppwm246w248)wmm

Rewriting Eq. 22, we have
(23) N(1, 8) = P,T6C, n(1) = PuPLTE + P,T.E, (1),

" where gAB(T) represents the departure from background

level, or the “interaction' component:

”TT;24) - Ear{T) = Cp(1) — Py

With stimulus on, and with new firing rates P, and

Pps the corresponding contributions to the new lagged

“"coincidences N'(r, 8) are given by two terms:

_ — paltptmt tmt
_77t$25) 7 G = PAPRT'S + P T'6E 5 (7)),

*“‘*‘“taking into account that the new observation time T' may

— . ——differ from the previous time T.

e A third component of the stimulus—on correlatlon

' hlstogram, which is due to shared input from the source,

is obtained from the post—stimulus—time histograms. By




iff?:fff5”"““5ubtrécting out the background components as e Fgs

have the net PST density functions

_ _A or B from the new mean levels _at times v aftei” the Gndi

T

“in delayed=

e s————

e soincidenves between §-and B-at 4 time £+, meking e

. the entire period of the stimilus o obtaif the

7“(brAfedﬁéffdﬁ)"péf'stiﬁﬁlus_prééentati@qmeﬁwthe;laggéﬁéi;;;f""

coincidence density. Thus, we evaluate-the-cqrrelqtién%f%ﬁf.7

integral .. . oLl

@D gy % 85pl(1) = | Eg,(ENEGRTE T @

Because the stimulus is periodic, with period P, we take

the arguments modulo P in the correlation integral.*

*When the densities B are obtained from PST histograms,
they represent averages over a bin width. If the cross— :
correlation histogram has the same bin structure as the
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An alternative way of predicting the contribution of
shared input from the stimulus to the cross correlation is
to isolate those effects that are time—locked to the stimulus.

1.

dela A o
b the TYecoras (e.g.,

—

A Ammn oo £
e Qotnie 4as L

his may WS: oOne o
record B) is divided into equal segments, each equal to

the interval P between stimulus presentations. These seg—
ments are thoroughly shuffled, so that their new order is
effectively random. Then the cross correlation is recomputed
between record A and shuffled record B. The shuffling has
destroyed all significant time relationships between the

two trains except those related to stimulus presentations.
The cross—correlation histogram after shuffling, and after

subtraction of the background contribution, estimates the

same quantity as the correlation integral of the PST's:

(28) CaAB,shut(T) ~ Pp =~ [Egy X Sggl(r).

In practice, shuffling need not be performed, but

rather the two records are offset in time by an amount

amount of offset is, of course, an integral multip

iy
]
o
Fh
ct
j=x
(1

interstimulus interval P.

PST histograms, there is an imprecision in the approxima—
tion of the integral by a sum, as well as a shift in the
argument 7 by half a bin; the latter may be compensated by
an averaging procedure.



-96-

The expected number of lagged coincidences produced

by the shared input from the stimulus is'given by

(29) H = (Tp/B)sleg, X 5gpl(r). : i

and 29): o m =

(300 Npyoqlrr 8) = T's{ojeg + ojegp(r) + QIR IEgy X Sgpl(0d
Hence the predicted cross—correlation function is'gi§eaiby <?

(31) Cap,preal™) = Sp(r) + g + (PAD) " [5gy 5331(?’5'-?_"? ,.

Application to Experimental Data e

Comparison of the predicted and observed cross correla—‘
tions enables us to distinguish among the three situations

shown in Fig. 9.

I1f the cross—correlation function with stimulus off | . .2

is flat, within statistical limits, we may conclude that
there is no interaction (Fig. 9a)p In this case the
expected value of EAB(T) is zero. 1If the observed cross—
correlation function with stimulus on does not then agree

with that predicted using Eq. 31, the appropriate conclusion -

is that we actually have the situation of Fig. 9c, where

1 represents an interneuronal network that is ineffective

unless potentiated by the stimulus.
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If the cross correlation with stimulus off is not
flat, we may conclude that there is interaction, i.e., that
I is functioning. If the prediction for the stimulus—on
cross correlation agrees with the actual measurement, we
may conclude that we have unmodulated interaction (Fig. 9b).
If there is stati:
conclude that the interaction is modulated by the stimulus
(Fig. 9c¢). It may then be possible to distinguish among
several different modes of such modulation.

The application of these techniques to the detection

of interactions has been investigated through digital-—

—————computer simulations; and the results have been presénted =~ =

elsewhere (Perkel, 1964).

An example of this technique, drawn from experiments
in the cochlear nucleus of the cat, is shown in Fig. 10.
The agreement between predicted and observed cross—correlation
histograms with the stimulus on indicates that the complex
shape of this histogram can be completely explained by
stimulus—imposed changes in firing patterns of both units.*

In summary, we may distinguish among the three possi—-
bilities as follows: (1) When there is no interaction,

the cross—correlation histogram is flat with stimulus off,

*

The possibility of a small excitatory influence of
cell A on cell B, with a latency of about four milliseconds,
however, camnot be excluded but this would have a negligible
effect on the remainder of the cross—correlation histogram,
which extends to half a second.
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and periodic with the period of the stimulus with stimmlus
on; and the ¢ross correlation can be predicted fram‘mean,_

rates and PST histograms. (2) When there is inter&ction;“ﬂ
the cross—correlation histogram with StlmﬂlUS-Off“iS“nﬂ
flat; with the stlmulus on, it is not 1n general pariadiﬁ,
but the correlation function can still be predicted
(3) When the interaction is modulated by the stimulus, :-—- -

the predicted cross correlation does not agree with

\

observation.
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Fig. 10.

Effects of repeated stimulation on the cross correlation.
a. Cross—correlation histogram between spike trains recorded
from two neurons in the cochlear nucleus of the cat; unstimulated.
b. Post—stimulus—time histogram, cell A. Stimuli consisting
of brief tones were presented at l—sec intervals. c¢. Post—
stimulus—time histogram, cell B. d. Cross—correlation
histogram under repetitive stimulation. Plotted histogram
is observed; blackened points correspond to predicted cross
correlation (method described in text) based on assumption
of absence of potentiating effect on interactions by the

stimulus. See text.
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THE PROBLEM OF NONSTATIONARITY

Basic Concepts

All the statlst1cal measures dlsgussed above for

single spike trains and palrs, with and without atlmulation“

B 1 il e

carry the implicit assumptlon thatl Lhc data are stationary

Spe01flca11y, thls means that, in the absence offsh

processes. In the presence of stlmulatlon, it is assumﬁé

that the point processes are time dependent hut that the-~“

time variation is the same after each stimulus presentﬁﬁ*oﬂi

i.e., that each stimulus presentation represents a new;"
independent trial. Thus the stimulated cases are stationary - .3
in a2 larger sense.

It should be kept in mind that the phrases “stationary

data" and "nonstatlonary data"” are,:strlctly speakl ‘

misnomers. The experimental data are samples,-i,efif

realizations over finite durations of stochastiec point e
processes; only the (hypothetical) underlying point ,;;?EE
processes possess the properties of being stationary ox "szﬁii

nonstationary. In testing data fer'“stationérity;ﬁ we

are in fact testing whether the assumption of a stationa

underlying process is a reasonable one for the body o
data in guestion.

One of the difficulties commonly encountered iﬁ""

neurophy51ologlcal investigation is the fact that the E

behavior of a neuron under study may change szgnificantlyum-

e ———— T
- l-ﬂ-ra.-‘.—l
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during the course of observation, and therefore cannot
validly be assumed to arise from a stationary process.
Such changes may be exhibited in a gross way, or may be
subtle and difficult to detect. The problems of detecting
nonstationarity and assessing its effects are vexatious.
The very meaning of stationarity depends on the context
of the experiment. If, for example, a neuron undergoes

a diurnal cycle of activity, a sample of a few minutes’
activity may well be accepted as "stationary,'" whereas a
sample of a few hours' activity may show marked trends,
and hence be classified as nonstationary. In operational
terms, therefore, it may be impossible to distinguish
nonstationarity from inadequate sampling.

The most direct, straightforward, and recommended way
of dealing with suspected nonstationarity is to segment the
data, analyze each segment separately, and apply standard
techniqueé for testing tha% the several samples were drawn
from the same population. In practice, this is often im~
possible because of an insufficiently long sample.* A
related technique, which is useful when data processing is
accomplished '"on line," is to observe the temporal order

in which a histogram is built up. For a stationary process,

*Some classes of spike trains, which arise from certain
random-walk models of neurons, correspond to renewal processes
which do not have finite moments (Gerstein & Mandelbrot,
1964). A renewal process with an infinite mean would cor-
respond to a nerve cell which has a finite probability of
remaining silent indefinitely long after a spike. A
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the fractional mean rate of accumulatlon should be unlformu—mmumu

L S ]

the utility of statistical techniques for invest;gatinﬁ- Tt

nonstationarities in, for example, the. variance of 1ntervaln,ﬂﬁ$jm

such as Bartlett's test for homogeneity of variance,:'f
(see Kendall & Stuart, 1961).

There are three principal aspects to the analjSisﬂaiw*“’
rate nonstationarities in spike data:. The.fi:st is;the
detection of nonstationarity. . "We may wiéh foutést,thp S

”.
1Y

Ly ]
M
e
£
wm
o)

Pr— - P -~ -
Iealxty of any apparen

£
N
5

the‘hypothesis of no trend" (Cox & Lewis, 1966;

this end the reader is referred to a chapter by

‘nonpacemaker cell with wholly inhibitory synaptic Input— i
would remain permanently silent; some mixture of inhihitory-

spike . 1ntervals, which might not have'a finite meiﬁ,?m
Finite samples of such a process cannot adequately

establish this possibility.



-107-

Lewis (op. cit., Chap. 3) devoted to the analysis of trends.
The second aspect deals with the characterization and
measurement of the variations in rate when they have been
found to occur. The third aspect refers to the assessment
of the effects of rate variations on other statistical
measures; we consider below the effects of rate variations
on the autoaorrelation, the serial correlogram, and the
cross correlation when the variations in rate are common

to two neurons.

Measurement of Rate Variations

In spike trains exhibiting rate variation fogether
with a relatively high degree of variability in interspike
intervals, special techniques are necessary to observe
the rate variations themselves, unobscured by the '"local"
fluctuations in interval 1length. One common technique for
examining rate variations in a spike train is to plot each
interval length as a function of time (usually taken to be
the time of the second spike determining the interval) or
of serial number of the interval. 1If the cell fires fairly
regularly, such a plot will clearly reveal the structure of
rate variations. If, on the other hand, the interval vari-
ance is large, trends are hidden in the "noise."

Moving-average techniqueé have often been used for

T T . i T gy v L o 1 Ty [ B T I N, | P R — _
mooLn1lng purposcs. 11y are LyplCalily pased on eithner a

fixed number of intervals or a fixed length of time over

which an average rate is computed. A more meaningful type
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0f moving average would be one in whlch the contrlbution of_wf“““““

ol A g el

- AR AL o
i sl

each spike to the rate estlmate is a decreasing etponential 'nfﬁ*ﬁ

[, Imam o e m s W

functlon of the time 1nterVa1 between the occurrence of

the spike and the time referred to by th""'ti ate.

"ratemeter" approach of thls sort corresponds mnre tasel

rigid moving-average techniques. The time constant{fo

receive the output from the observed neuron (Segun&e et ﬁl.,'

1966) .

If trends are monotonic, estimation methods based.

regression analysis are useful; these are described by

Cox & Lewis (1966), Chap. 3.
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One important effect of rate changes on a splke train
is to increase the variation of the interspike intervals.
This effect will be conspicuous, and therefore detectable
in the statistics, only if this additional variability of
intervals is significantly large as compared with the
"intrinsic" variability of the intervals. We illustrate
this with two classes of examples: a "noisy pacemaker,"
with an intrinsic coefficient of variation of 10%, and a
Poisson process (intrinsic coefficient of variation 1007%),
in each of which the mean interval is a function of time,

The pacemaker results are shown in Fig. 11, in which the’
autocorrelation and serial correlograms are shown for a linearly
accelerating train, a linearly decelerating train, and a train
with sinusoidally varying mean intervals. In each of these
examples, the maximum deviation of mean interval, due to
rate changes, was +10% of the mean interval. The effects
on the autocorrelation and on the interval histograms (mot
shown) are not conspicuous; there is some broadening of
the peaks, but this effect is apparent only upon detailed
comparison with the exactly corresponding null case of no
trend. Given the autocorrelations as observed experimen—
tally, there is no reason for suspecting a trend in the
data. The serial correlograms, on the other hand, clearly
indicate the rate variations. An elevated serial correlogram,

extending more or less uniformly out to high orders, is a
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Fig. 11.

Effects of slow rate changes in a pacemaker neﬁtéﬁ%
On the left, autocorrelation histograms; on the-right,‘f
serial correlograms of interspike intervals.;wlnﬁervgiSﬁ iﬁw_
are independently normally distributed with time-varjinéi
mean, overall mean interval in sample of 100 mséc, and
censtant standard deviation of 10 msec. All samples are

200 sec long, approximately 2000 spikes each. (a)-(b):

Accelerating pacemaker, Mean interval decreaseS‘linearlg
from 110 msec’to 90 msec during observation period.

(c)~-{d): Decelerating pacemaker. Mean interval increases

linearly from 20 msec to 110 msec during observation

period. (e)-(£): Oscillating pacemaker. Mean interval

varies sinusoidally with time; from maximum of 110 msec

to minimum of 90 msec, with a 2-sec period.
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specific indicator of monotonic trend, It is to be noted

that the effects of monotonic acceleration are indistinguish—
able from those of monotonic deceleration. The undamped
oscillatory nature of the third serial correlogram shown is due
to the imposed constancy of period of rate variation; if

that period had varied during the observation, the oscilla—
tions in the serial correlogram would have exhibited damping,
An ingenious method is described by Firth (1966) for sepa—
rating the effects of trend on the serial corrélogram from

its "inherent" features. His technique, involving suéces—

=~ L - a 4 o Fa -
VE ulLllerlelices, Lo 11l codelce d LOLI UL

si
variance, and is applied to cells that fire at extremely
regular intervals.

The time-warying Poisson process, on the other hand,
requires a rate variation of +50% before some effects
are noticeable, and only at +70% rate variation do the
effects become conspicuous (Fig. 12). The only effect on
the autocorrelation of a monotonic trend is to increase
its level; the shape remains flat, as in thé absence of
trend. The predicted asymptotic level for the autocorrela—

tion depends only on the mean observed interval (Eq. 12);
therefore, the observed autocorrelation histogram, together
with this predicted level, can indicate a trend. For the
monotonically time—wvarying Poisson processes illustrated
(Fig. 12), this is the only conspicuous effect of the

large rate variations, since the corresponding serial

correlograms depart only slightly from zero. At these
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Fig. 12.

Effects of slow rate changés'iﬁ-a'nonpéééﬁékéf héﬁfqn
On the left, autocorrelation histograms; on the right;' .
serlal correlograms of 1ntersp1ke 1nterva15‘ Intervalé
are generated by a Poisson process with time-varying raté
parameter; perlod ot observatlon is 200 sec, with approxiw
mately 2600 spikes each sample. Reference level in aunto-
'correlation is predicted asymptotic value (see text, E@. 12). :

(a)-(b): Deceleration,'i 50%. Mean interval increases

linearly with time from 50 msec to 150 msec. (c)-(d):

Deceleration,ki 70%. Mean interval increases linearly

with time from 30 msec to 170 msec. (e)-(f): Oscillation,

+ 50%. Mean interval varies sinusoidally from minimum of

s

50 msec to maximum of 150 msec, with period of 0.75 msec.

{g)—(h)' Osc111at10n, + 70%. Mean interval varies

sinusoidally from minlmum of 30 msec to maximum of 170 msec,

0.75—sec period.
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intensities of cyclic rate variation, oscillations are
visible in the autocorrelation, but not in the serial
correlogram; this is in contrast with the opposite situa—
tion observed in the case of a pacemaker with weak oscil—
lations in rate. A monotonically declining autocorrelation
histogram, such as the early portions of Figs. 12c and 124,
is strongly suggestive of rather severe rate changes in

the data, and some detailed statistical features of the
spike train may be masked or. distorted thereby.

Rate changes shared by two otherwise independent
neurcns may, if sufficiently pronounced, be revealed in
two—cell comparisons. It can be shown, for two Poisson
processes with time—varying parameters, that the maximum
fractional expected departure of the cross correlation
from its "null" level is less than the square of the maxi-—
mum fractional rate variation. 1If, for example, the shared
rate changes of the two processes vary within 20% of their
respective means, then the cross correlation will depart
by at most 4% from its predicted value for independent
stationary processes based upon observed firing rates
(Eq. 15). The actual amount of departure depends upon
the precise nature of the temporal variation of the rate
parameters of the Poisson processes; details will be pre—
sented elsewhere.

These results are illustrated in Fig. 13, in which
cross~correlation histograms are shown for pairs of Poisson

processes subjected to monotonic and oscillatory rate
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-Fig. 13.

of mean rate, but each train is generated independentlnyﬁw“
Reference level in cross correlation is predicted éxﬁg&?éé%:
level for stationary independent processes, based upenT: :
observed mean firing rates (see text, Eq.'15). Rate

variations same as in Fig. 12. a. Deceleration, * 50%. )
b. Deceleration, # 70%. c. Oscillation, & 50%. d. Oseil-

lation, = 70%.
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changes. The effect is always an elevation in level of
the cross—correlation histogram in the neighborhood of

its origin. Linear trends result in a uniformly elevated
cross correlation, which remains flat. Oscillating trends
give rise to an oscillating cross—correlation histogram,
if the rénge of the latter is great enough.

Because the effects of nonstationarity on the cross
correlation are of second order, the statistical indica—
tions of interaction between two cells (discussed in an
earlier section), are not severely affected by rate
changes in one or both of the cells, even if they are
fairly severe. Inasmuch as stationary conditions are
often difficult to maintain in an experiment, this fact is
an encouragement to the attempt to elucidate functional
interconnections of neurons through statistical compari-—

son of their spike trains.
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